In this study, drying characteristics of carrot pomace were determined and the applicability of different drying models was investigated in order to find the product's moisture content at any time of the drying process. Drying times of carrot pomace were found by drying at the infrared power levels of 83, 125, 167 and 209 W. It was observed that the power level affected the drying rate and time. To evaluate the drying kinetics of carrot pomace, the obtained experimental data were applied to twelve mathematical models and the model with the best fit was determined. According to the results, Aghbashlo et al model is superior to the others for explaining drying behavior of carrot pomace. Effective moisture diffusivity varied from 0.59 to 3.40x10 -10 m 2 s -1 and was significantly influenced by infrared power. Activation energy was estimated by a modified Arrhenius type equation and found to be 5.73 kW kg -1 . 
Introduction
The carrot is one of the popular root vegetables grown throughout the world. The edible part of carrot, which is eaten as raw, converted to juice drink, used as salads, cooked as vegetable dish, is used to make sweet dishes (Kumar et al 2012) . Carrot highly nutritious as it contains appreciable amount of vitamins B1, B2, B6 and B12. It is also contains many important minerals. Moreover, carrots have the highest β-carotene content among human foods (Eim et al 2011) . Carrots are processed into products such as canned, dried, juice, beverages, candy, preserves and intermediate moisture products .
By-products, wastes and pomaces of food processing, which represent a major disposal problem for the industry concerned, are very promising sources of value-added substances (Vega-Gálvez et al 2010) . Many agricultural byproducts are commonly used as animal feeds or fertilizers. Carrot juice sector generates large quantities of carrot pomace. This caused serious environmental pollution as well as acting as a substrate for insect and microbial proliferation. The processed carrot pomace have generally high moisture contents (about 89.17%, w.b.) , and need to removal of moisture before the production of highadded value products. Efforts have been made to utilize carrot pomace in foods such as bread, cake, dressing, pickle, preparation of high fibre biscuits and production of functional drinks . Drying has always been of great importance to the preservation of agricultural products and byproducts.
Drying is one of the oldest methods of food preservation as well as an important food processing. The removal of moisture prevents the growth and reproduction of microorganisms which cause decay, and minimises many of the moisture-mediated deteriorative reactions. It brings about substantial reduction in weight and volume, minimizing packing, storage and transportation costs and enables storability of the product under ambient temperatures (Brooks et al 2008; Demir & Saçılık 2010) . Drying is the most energy intensive process in food industry. Therefore, new drying techniques and dryers must be designed and studied to minimize the energy cost in drying process (Kocabıyık & Tezer 2009 ).
Infrared drying has gained popularity as an alternative drying method for a variety of agricultural products. When infrared radiation is used to heat or dry moist materials, penetrates it and the energy of radiation converts into heat. When a material is exposed to infrared radiation, both the surface and the inner layers are heated intensely, resulting in a high rate of heat and mass transfer compared with conventional drying (Hebbar & Ramesh 2005) . The use of infrared radiation technology in drying agricultural products has several advantages. These may include decreased drying time, high energy efficiency, high quality finished products, and uniform temperature in the product (Nowak & Lewicki 2004; Sharma et al 2005) . Several agricultural products and by-products have been successfully dried by the infrared application and/ or by a combined infrared-assisted convection process such as onion (Sharma et al 2005) , apple pomace , seedless grapes (Çağlar et al 2009) , red pepper (Nasıroğlu & Kocabıyık 2009 ), carrot (Kocabıyık & Tezer 2009 ), grape by-products (Ruiz Celma et al 2009a) , and tomato by-products (Ruiz Celma et al 2009b) . So far, there is no information available about infrared drying of carrot pomace. The main objectives of this study were to
Material and Methods

Material
Fresh carrots (Daucus carota L.) were obtained from a local supermarket and stored at 4°C until analysis. For samples preparation, the carrots were washed with cold water, dripped and peeled. In this study, carrot pomace (peel) was used. The initial and final moisture contents of carrot pomace were determined by using the oven method at 110°C for 24 h (Alibaş 2012) . Triplicate samples were used for the determination of moisture content and the average values were reported as 8.233 kg water kg 
Drying procedure
Drying experiments were carried out in a moisture analyzer with one 250 W halogen lamp (Snijders Moisture Balance, Snijders b.v., Tilburg, Holland). In infrared drying process, the sample should be separated evenly and homogeneously over the entire pan. Otherwise, a large portion of the incident infrared radiation will be reflected at the exposed pan bottom not covered by the sample (Çağlar et al 2009) . The experiments were performed at infrared power levels varying from 83 to 209 W. The power level was set in control unit of equipment. Moisture loss in the samples with initial load of 40±0.2 g and thickness of about 10±1 mm was measured with a digital balance (Mettler-Toledo AG, Grefensee, Switzerland, model BB3000) with accuracy of 0.1 g and recorded at 10 min intervals. The experiments ended at the point of reading constant weight (about 0.015 kg water kg -1 dm (d.b.). The dried product was cooled and packed in low-density polyethylene bags that were heat-sealed. All experiments were conducted in duplicate and the average of the moisture content at each value was used for drawing the drying curves.
Mathematical modelling
The data derived from drying of carrot pomace was fitted with twelve drying models typically used for the modeling of drying curves (Table 1) . The moisture ratio (MR) of the samples is determined by the following equation (Alibaş 2012 ):
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The data derived from drying of carrot pomace was fitted with twelve dry the modeling of drying curves (Table 1) . The moisture ratio (MR) of the following equation (Alibaş 2012) :
Where M t , M 0 and M e are the moisture content at any time, initial moisture content, and equilibrium moisture content, kg water kg -1 dm, respectively, and t is the drying time, min.
The moisture ratio (MR) was simplified to M t /M 0 instead of (M t -M e )/(M 0 -M e ) by some investigators (Dissa et al 2011; Montero et al 2011) because of the values of M e small compared with M t or M 0 for long drying time.
The drying rate (DR) of carrot pomace was calculated using the following equation (Evin 2012 
Where M t+Δt is the moisture content at t+Δt, kg water kg -1 dm; t is the time, min.
Statistical analysis
Data were analyzed using Statistica 6.0 (StatSoft Inc., USA) software package. The parameters of models were estimated using a non-linear regression procedure based on the LevenbergMarquardt algorithm. The fitting quality of the experimental data to all models was evaluated using the coefficient of determination (R 2 ), mean relative percent error (P), reduced chi-square (χ 2 ) and root mean square error (RMSE). These parameters were calculated from the following formulas: 
Where MR exp,i and MR pre,,i are the experimental and predicted dimensionless moisture ratios, respectively; N is the number of observations; z is the number of constants.
The best model describing the drying characteristics of samples was chosen as the one with the highest R 2 , the least P,  2 and RMSE (Çağlar et al 2009; Ruiz Celma et al 2009a; Kayışoğlu & Ertekin 2011; Alibaş 2012) .
Determination of effective diffusivity
The effective moisture diffusivity is an important transport property in food and other materials drying processes modelling, being a function of temperature and moisture content in material. Fick's second law of diffusion equation, symbolized as a mass-diffusion equation for drying of agricultural products in a falling rate period, is shown in the following equation:
The solution of diffusion equation (Equation 7) for slab geometry is solved by Crank (1975) , and supposed uniform initial moisture distribution, negligible external resistance, constant diffusivity and negligible shrinkage: 
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Determination of effective diffusivity
The solution of diffusion equation (Equation 7) for slab geometry is solved by Crank (1975) , and supposed uniform initial moisture distribution, negligible external resistance, constant diffusivity and negligible shrinkage: Using the slope value (Equation10), the effective moisture diffusivity could be determined.
Determination of activation energy
Temperature is not directly measurable quantity in the infrared power level during drying process in this study. For the calculation of activation energy, modified form of Arrhenius equation as derived by Dadalı and Özbek (2008) show the relationship between the effective diffusivity and the infrared power level to sample weight.
Where D 0 is the pre-exponential factor of Arrhenius equation (m 2 s -1 ), E a is the activation energy (W kg -1 ), p is the infrared power level (W), and m is the sample weight (kg).
Results and Discussion
Drying curves
The effects of infrared power on moisture content with drying time and drying rate versus drying time are shown in Figure 1 . According to the results in Figure 1 , the infrared power level had a significant effect on the moisture content of the carrot pomace as expected. The results showed that drying time decreased greatly when the infrared power level increased. The drying time required to reach the final moisture content of samples were 310, 160, 100 and 60 min at the infrared power levels of 83, 125, 167 and 209 W, respectively. The average drying rates increased 5.16 times as infrared power level increased from 83 W to 209 W. The decrease in drying time with an increase in the infrared power level has been reported by Kocabıyık and Tezer (2009) for carrot slices, Sharma et al (2005) for onion slices, and Nasıroğlu and Kocabıyık (2009) for red pepper slices.
(10)
Using the slope value (Equation10), the effective moisture diffusivity could be determined.
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The effects of infrared power on moisture content with drying time and drying rate versus drying time are shown in Figure 1 . According to the results in Figure 1 , the infrared power level had a significant effect on the moisture content of the carrot pomace as expected. The results showed that drying time decreased greatly when the infrared power level increased. The drying time required to reach the final moisture content of samples were 310, 160, 100 and 60 min at the infrared power levels of 83, 125, 167 and 209 W, respectively. The average drying rates increased 5.16 times as infrared power level increased from 83 W to 209 W. The decrease in drying time with an increase in the infrared power level has been reported by Kocabıyık and Tezer (2009) 
Drying rate
The drying rate curves of carrot pomace are shown in Figure 2 . It is clear that the drying rate decrease continuously with moisture content. As can be seen in Figure 2 , a constant-rate period was not observed in infrared drying of the carrot pomace samples. The drying process occurred entirely in the fallingrate period. This shows that diffusion in dominant physical mechanism governing moisture movement in the samples. During drying, the drying rates were 
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higher in the beginning of the process, and after that decreased with decrease of moisture content in the samples. The reason for reduction of drying rate might due to reduction in porosity of samples due to shrinkage with advancement of drying process, which increased the resistance to movement of water leading to further fall in drying rates (Singh et al 2006) . This observation is in agreement with previous studies on infrared drying of food byproducts Ruiz Celma et al 2009a, b; Vega-Gálvez et al 2010) . 
Fitting of the drying curves
An efficient modelling of the falling rate period is highly relevant task in a drying process (Ruiz Celma et al 2009b) . For that purpose, a wide set of thinlayer drying models were examined in the present work. The selected models are identified in 
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The accuracy of the established model was evaluated by comparing the predicted m observed values as shown in Figure 3 . The closeness of the plotted data to the str equality between the experimental and predicted values illustrates by the best suita model for describing the drying characteristics of carrot pomace. The values of effective moisture diffusivity were calculated using Equation 10 and are shown in Figure 4 . (Zogzas et al 1996) . As expected, the values of D eff increased with the increase of output power. This result is similar to the results for carrot pomace (Kumar et al 2012) , apple pomace , and tomato by-products (Ruiz Celma et al 2009b) . The effect of infrared power on effective diffusivity is defined by the following equation: 
Effective moisture diffusivity
The values of effective moisture diffusivity were calculated using Equation 10 and are shown in Figure   4 . (Zogzas et al 1996) . As expected, the values of D eff increased with the increase of output power. This result is similar to the results for carrot pomace (Kumar et al 2012) , apple pomace , and tomato by-products ( 
Conclusions
Based on the results of this study, the following conclusions were drawn:
• As the infrared power level increases, drying rate increases and drying time decresases.
• A constant-rate period was not observed in the infrared drying of carrot pomace; all the drying process occurred in the falling-rate drying period.
